Experimental autoimmune encephalomyelitis (EAE) induced with myelin proteolipid protein (PLP) residues 139-151 (HSLGKWLGHPDKF) can be prevented by treatment with a T cell receptor (TCR) antagonist peptide (L144͞R147) generated by substituting at the two principal TCR contact residues in the encephalitogenic peptide. The 
T cell epitopes derived from protein antigens may induce immunity or suppression (1) . An immunogenic epitope can be converted to a suppressor epitope by changing a single amino acid. A clear example of this was described in H-2 s mice which develop helper T cell responses to the copolymer of Glu and Ala (GA) and tolerogenic responses to the copolymer of Glu, Ala, and Tyr (GAT) (2, 3) . Therefore substitution of tyrosine in the GA polymer induced suppressor T cells that were crossreactive with the immunogenic GA molecule and converted immunogenic GA into an immunosuppressive molecule. This result was attributed to distinct binding of immunogenic and tolerogenic epitopes to different H-2-linked genes (Ir versus Is genes). However, the failure to identify distinct Is genes has led researchers in the field to reexamine this phenomenon. We have been studying the mechanisms by which autoimmune disease can be regulated with a view that the nature and role of regulatory cells can be tested in vivo in an autoimmune disease setting.
Analogs of encephalitogenic peptides have been known to protect animals from the induction of experimental autoimmune encephalomyelitis (EAE) for a number of years (4, 5) . Originally it was postulated that the principal mechanism by which peptide analogs mediate protection was major histocompatibility complex (MHC) blockade, and this was shown to be the case for peptides with high affinity for MHC class II molecules (6, 7) . However, a number of observations raised the possibility that MHC blockade was not the only mechanism responsible for protection (8, 9) . The description of altered peptide ligands generated by single amino acid substitution of the antigenic peptide that could act as T cell receptor (TCR) antagonists or partial agonists of various T cell clones provided a framework to understand the actions of many peptide analogs (10) (11) (12) (13) . We have shown that an analog of the encephalitogenic myelin proteolipid protein (PLP)-(139-151) peptide (14) (15) (16) , L144͞R147 (with substitutions at the two main TCR contact residues), is a powerful TCR antagonist for encephalitogenic PLP-(139-151)-specific T cell clones in vitro and is able to protect animals from the induction of EAE (17) . This effect was in contrast with that of a second, weaker, TCR antagonist analog L144, which had little or no effect on the development of clinical disease. While the in vivo protective effects of L144͞R147 could have been due to antagonism of PLP-(139-151)-specific T cells, the observation that mice coimmunized with L144͞R147 plus the encephalitogenic peptide PLP-(139-151) and without signs of clinical disease developed inflammatory foci within the central nervous system suggested that L144͞R147 was not simply ablating EAE by inhibiting the development of a PLP-(139-151)-specific T cell response.
To investigate the mechanism by which the TCR antagonist peptide L144͞R147 mediated its protective effects in vivo, we tested the effects of L144͞R147 on the induction of EAE with other unrelated encephalitogenic peptides and proteins derived from central nervous system myelin. We found that, as well as protecting from EAE induced with the encephalitogenic peptide PLP-(139-151), the L144͞R147 peptide can protect animals from EAE induced by another encephalitogenic PLP peptide and by the unrelated myelin antigens myelin basic protein (MBP) (18) and myelin oligodendrocyte glycoprotein (MOG) (19) , excluding the possibility that protection was simply due to TCR antagonism in vivo. Our data further suggest that the L144͞R147 altered peptide induces bystander suppression by generating regulatory T cells that crossreact with the native encephalitogenic peptide PLP-(139-151) and that transfer of these crossreactive regulatory T cell lines can protect against the development of EAE.
MATERIALS AND METHODS
Animals. Four-to 6-week-old female SJL mice were purchased from The Jackson Laboratory and housed under virus-free conditions. They were maintained in accordance with the guidelines of the Committee on Animals of Children's Hospital and Harvard Medical School.
Antigens. Peptide antigens were synthesized by Richard Laursen on a Milligen model 9050 synthesizer using Fmoc chemistry. Milligen PAL amide resins were used to produce peptides with C-terminal amides. Most peptides were Ͼ90% pure, as determined by HPLC. The peptides used in these experiments were PLP-(139-151) (HSLGKWLGHPDKF), L144 (HSLGKLLGHPDKF), Q144 (HSLGKQLGHPDKF), L144͞R147 (HSLGKLLGRPDKF), PLP-(178-191) (NTWT-TCQSIAFPSK), MOG-(92-106) (DEGGYTCFFRDHSYQ), and neuraminidase (Nase)-(101-120) (EALVRQGLAKVA-YVYKPNNT). MOG-(92-106) and mouse MBP were the kind gift of A. Al-Sabbagh (Autoimmune Inc., Lexington, MA).
Preimmunization, Induction, and Assessment of EAE. Mice were preimmunized by injecting s.c. at two sites with the relevant peptide (100 or 200 g per mouse) emulsified in complete Freund's adjuvant (CFA; Difco) supplemented with Mycobacterium tuberculosis H37 RA (500 g per mouse; Difco). Three to 6 weeks later mice were immunized with the disease-inducing peptide or protein (25-200 g) emulsified in CFA and supplemented with M. tuberculosis H37 RA (500 g per mouse). On this day and on day 3 after immunization each mouse was also injected i.v. with 10 9 heat-killed Bordetella pertussis bacilli (pertussis vaccine lot no. 285, Massachusetts Public Health Biological Laboratories, Boston). Mice were examined daily, beginning on day 9, for disease, which was assessed clinically according to the following criteria: 0 ϭ no disease, 1 ϭ limp tail, 2 ϭ hindlimb weakness, 3 ϭ hindlimb paralysis, 4 ϭ hindlimb plus forelimb paralysis, and 5 ϭ moribund or dead.
In Vitro Proliferation and Cytokine Assays. Mice were injected s.c. at five sites with antigen emulsified in CFA containing a total of 250 g of M. tuberculosis H37 RA. Mice immunized with a single peptide received a total of 100 g of antigen; mice immunized with a mixture of PLP-(139-151) and an analog peptide received 100 g of PLP-(139-151) and either 100 g or 300 g of second peptide (i.e., a total of 200 or 400 g of antigen per mouse). On day 12 lymph nodes were removed and lymph node cells (LNC) were prepared from them. LNC (4 ϫ 10 5 per well) were cultured in triplicate in 96-well round-bottom plates (Falcon, Becton Dickinson), in the presence of antigen, for 48 hr, then [ 3 H]thymidine [1 Ci (37 kBq) per well] was added for the last 16 hr before harvesting the cells. [ 3 H]Thymidine incorporation was determined in triplicate wells in a Beckman scintillation counter (model LS 5000). The data were expressed as a stimulation index, which was calculated by dividing the proliferation (cpm incorporated) measured in the presence of antigen by the proliferation measured with medium alone.
To measure the concentration of cytokines, supernatants were collected from activated T cells (5 ϫ 10 4 T cells plus 5 ϫ 10 5 syngeneic irradiated spleen cells per well in the presence or absence of antigen), 40 hr after activation and diluted with an equal volume of fresh culture medium. Interferon (IFN)-␥ and interleukins IL-2, IL-4, and IL-10 were measured by quantitative capture ELISA according to the supplier's guidelines as previously described (20) .
Derivation and Adoptive Transfer of T Cell Lines and Clones. T cell lines were generated from LNC from mice immunized with PLP-(139-151) plus L144͞R147 and cultured in syngeneic serum with the appropriate antigen (20 g͞ml) for 5 days. T cell blasts were purified over a Ficoll͞Hypaque gradient and expanded. Long-term culture and cloning were carried out as described (20) .
T cell lines for adoptive transfer were prepared from mice immunized by using the same protocol used for the in vitro proliferation assays. Lymph nodes were removed on day 10 and LNC were resuspended at a concentration of 6-10 ϫ 10 6 cells per ml in culture medium containing 0.5% syngeneic serum in place of fetal bovine serum. Cells were cultured in the presence of various antigens (20 g͞ml) for 4 days, then harvested and purified over a Ficoll͞Hypaque gradient. Cells were resuspended in PBS at 25 ϫ 10 6 cells per ml and injected i.v. into recipient animals (0.2 ml, 5 ϫ 10 6 cells per mouse), then recipient mice were immunized with the peptide PLP-(178-191) (10-100 g per mouse) as described above to induce active EAE.
RESULTS AND DISCUSSION
We generated a peptide analog of the encephalitogenic peptide PLP-(139-151) by replacing the two principal TCR contact residues within the peptide with leucine (L) at position 144 and arginine (R) at position 147. This peptide analog (L144͞ R147) acted as a TCR antagonist for encephalitogenic Th1 clones, blocking their activation in vitro. Furthermore, coimmunization of SJL mice with a mixture of the encephalitogenic PLP-(139-151) peptide and the TCR antagonist peptide L144͞R147 resulted in inhibition of disease (17) . It was assumed that the mechanism by which L144͞R147 peptide inhibited autoimmune disease depended upon antagonism preventing the generation of encephalitogenic T cells in vivo. However, the observation that L144͞R147 plus PLP-(139-151) coimmunized mice that are protected from developing EAE have T cells which invade the central nervous system suggested that L144͞R147 may inhibit EAE by mechanisms other than simply antagonizing the induction and activation of PLP-(139-151)-specific T cells. Two experiments were performed to determine whether L144͞R147 inhibited EAE only by acting as a TCR antagonist in vivo. The L144͞R147 peptide was tested for its ability to inhibit the induction of PLP-(139-151)-specific T cells and to prevent EAE induced in vivo with other myelin antigens.
To determine if the L144͞R147 antagonist peptide could block the generation of PLP-(139-151)-specific T cells, mice were coimmunized with L144͞R147 and PLP-(139-151). L144 peptide, which is also a TCR antagonist, was used as a control in these experiments. LNC were derived from animals immunized with PLP-(139-151), PLP-(139-151) plus L144, and PLP-(139-151) plus L144͞R147 ( Fig. 1 a-c) . The proliferative response of LNC to PLP-(139-151) was not significantly reduced by coimmunization with either of the antagonists. On the other hand, immunization with L144͞R147 alone induced T cells which were activated by L144͞R147 and could also respond to Q144 and PLP-(139-151) at high concentrations (Fig. 1d) . Therefore L144͞R147 does not prevent the induction of PLP-(139-151)-specific cells, nor does it mediate MHC blockade in vivo, but it induces T cells that are crossreactive with the PLP-(139-151) peptide.
It was of interest that following immunization with a mixture of PLP-(139-151) with either the L144 or L144͞R147 peptide, proliferative responses in vitro to L144 or L144͞R147 alone were much lower than responses to PLP-(139-151) ( Fig. 1 b  and c) . However, T cells specific for L144͞R147 were generated in this coimmunization protocol, since we could derive L144͞R147-specific T cell clones from mice immunized with PLP-(139-151) plus L144͞R147 which responded specifically to L144͞R147 (data not shown). A number of factors may contribute to the low responses to L144͞R147 and L144 when (1997) mice are immunized with these peptides together with PLP-(139-151). The frequency of T cells able to respond to PLP-(139-151) may be greater than the frequency of T cells able to respond to L144͞R147. In addition, the native PLP-(139-151) peptide may act as an antagonist for the induction of L144͞R147-or L144-specific cells which may reduce the proliferative response in vitro. This effect is not due to differential binding of PLP-(139-151) over L144͞R147 or L144, since all three altered peptides bind with similar affinity to IA s (17) . To investigate whether the L144͞R147 antagonist peptide affected disease induced with other myelin antigens or whether its effects were restricted to disease induced with the related peptide PLP-(139-151), mice were preimmunized with L144͞ R147 and disease was induced with a number of unrelated encephalitogens ( Fig. 2 and Table 1 ). First we utilized a second encephalitogenic region within the PLP molecule, PLP-(178-191), and we found that L144͞R147 protected mice against the development of EAE induced with this unrelated PLP peptide (Fig. 2a) . The peptide had only a slight effect on the disease incidence but had a significant effect on the disease severity (Table 1) . Mice preimmunized with L144 or the non-preimmunized control mice developed disease that was significantly more severe than mice preimmunized with L144͞R147. Disease following preimmunization with the native PLP-(139-151) developed earlier and was less severe than that of the mice preimmunized with L144 or not preimmunized, although these differences were not statistically significant (Table 1 and Fig.   2a ). These data suggest that the protective effects of L144͞ R147 did not depend on immunization with PLP-(139-151) and were not restricted to disease induced by that peptide.
To define whether the L144͞R147 peptide would confer protection from disease induced with unrelated myelin antigens, groups of animals were preimmunized with various peptides and challenged with either the encephalitogenic peptide MOG-(92-106) or intact MBP. Mice preimmunized with L144 or PLP-(139-151) or unimmunized controls experienced an initial episode of mild disease after immunization with MOG-(92-106) which remitted spontaneously by day 20. This remission was followed by a much more severe relapse and chronic disease which was maintained through day 55 (Fig.   FIG. 1 Table 1 ] and showed a significantly delayed onset of disease (Table 1) . Mice immunized with MBP also developed EAE, but the disease was significantly delayed and occurred in significantly fewer animals pretreated with L144 ͞R147 compared with no preimmunization or preimmunization with L144 or a control IA s binding peptide Nase-(101-120) ( Fig. 2 c and Table 1 ). If the L144͞R147 peptide acted in vivo only as an antagonist of PLP-(139-151)-specific T cells, it should have inhibited EAE induced with this peptide but should not have affected disease induced with the other myelin antigens. Because the antagonist L144 ͞R147 peptide did inhibit disease induced with other unrelated myelin antigens, we concluded that immunization with the L144 ͞R147 peptide can initiate bystander suppression. Furthermore, coimmunization with PLP-(139-151) was not necessary for this to occur and therefore TCR antagonism was not the only mechanism by which the L144 ͞ R147 peptide mediated protection in vivo. We then considered two other possible mechanisms: L144 ͞R147 may selectively antagonize the generation of encephalitogenic PLP-(139-151) T cells, allowing the development of PLP-(139-151)-specific nonpathogenic regulatory cells, or it may itself induce regulatory cells which are crossreactive with both L144 ͞R147 and PLP-(139-151) and which suppress disease.
Previous studies have shown that immunization with a tolerogenic form of the antigen induces effector suppressor cells which, when activated either by the antigen or by antiidiotype-bearing transducer suppressor cells, mediate bystander suppression of responses to other antigens present with the immunogen (21). Although effector suppressor cells are antigen specific, once activated they produce factors that nonspecifically suppress immune responses to other antigens in the vicinity (22) . This suggests that the final molecule that suppresses immune responses is probably an antigennonspecific regulatory molecule (probably a suppressive cytokine). Bystander suppression also occurs after oral administration of antigens (oral tolerance) (23) . In that system it is due to transforming growth factor ␤ and Th2 cytokine-producing regulatory T cells which suppress EAE and other autoimmune diseases in a tissue-specific manner (24, 25) . To test whether the L144͞R147 peptide induces regulatory T cells which transfer protection, animals were immunized with L144͞R147 or an irrelevant IA s -binding peptide, Nase-(101-120) or pigeon cytochrome c residues 92-104 [PCC-(92-104)]. LNC were harvested, reactivated in vitro for 5 days, and then transferred into mice that were simultaneously immunized with PLP-(178-191) to induce disease. Before transfer the LNC from mice immunized with L144͞R147 were reactivated in vitro with either L144͞R147 or PLP-(139-151) peptide and the LNC from control immunized mice were reactivated with the appropriate peptide. As an additional control in these experiments we included groups of mice that were not transferred LNC. In two experiments 7͞10 mice that did not receive cells developed disease. This occurred 1-2 days later than for mice that received cells, and it suggests that cell transfer itself can change the pattern of disease onset. The adoptive transfer of cells from mice immunized with L144͞R147 protected mice from disease, and the protection was greatest in the group of mice given cells activated in vitro with L144͞R147 (Fig. 3) . Data from two independent experiments show that adoptive transfer of short term T cell lines activated with the antagonist L144͞R147 peptide lowers the incidence of disease to 4͞10 compared with the group of mice transferred with T cell lines activated with the control peptide (8͞10). Therefore the incidence of disease in the mice transferred with L144͞R147 peptide-specific T cell line was half of that seen in the mice transferred T cell lines specific for the control peptide, although this difference did not reach statistical significance. There is no difference in the mean maximum severity between Mice were preimmunized with the indicated antigens (100-200 g per mouse in CFA) and challenged with encephalitogenic peptides͞proteins as described. Results are mean Ϯ SEM (except for incidence). a P Ͻ 0.05 by t test compared with no preimmunization. b P Ͻ 0.005 by t test compared with no preimmunization and P Ͻ 0.05 compared with L144. c Acute disease is taken as disease onset on or before day 20. d P Ͻ 0.01 by Fisher's exact test compared with no preimmunization or preimmunization with PLP-(139-151), P Ͻ 0.05 compared with preimmunization with L144. e P Ͻ 0.05 by Fisher's exact test compared with no preimmunization or preimmunization with L144. f Acute disease is taken as disease onset on or before day 25. g P Ͻ 0.05 by Fisher's exact test compared with no preimmunization. h P Ͻ 0.05 by Mann-Whitney U test compared with no preimmunization or preimmunization with L144. groups. It should be noted that in these experiments the T cell lines being tested for the protective effects are specific for the antagonist peptide of PLP-(139-151) and the mice are immunized with an unrelated encephalitogenic peptide PLP-(178-191) for the development of EAE. Thus transfer of antagonist peptide-specific T cells has to regulate the autopathogenic effects of encephalitogenic T cells that are continuously being generated and are specific for an unrelated encephalitogenic epitope. This demonstrates directly that L144͞R147 peptide in vivo does not mediate its protective effects by antagonizing the generation of encephalitogenic T cells but induces regulatory cells that mediate the bystander suppression of EAE induced with a structurally unrelated encephalitogen.
To analyze the mechanism further, T cell lines and clones specific for the antagonist peptide L144͞R147 were generated and tested for proliferative responses and cytokine production. Three independent lines were generated against the L144͞ R147 peptide. All of the T cell lines specific for the L144͞R147 peptide generally produced cytokines of the Th0 phenotype, which included IFN-␥, IL-10, and IL-4 (data not shown). A panel of 16 T cell clones was established from one of the lines. Seven of these were crossreactive with PLP-(139-151) (data not shown). Eight stable clones that showed a significant antigen-specific response to L144͞R147 were analyzed in detail. All responded to L144͞R147 (but not to a control peptide, data not shown) by secreting cytokines of a Th2 or Th0 phenotype. Five of the eight clones showed crossreactivity with the peptide PLP-(139-151) and four of the five clones that proliferated in response to this peptide also secreted detectable levels of the same cytokines ( Table 2) . None of the clones secreted significant levels of transforming growth factor ␤ (data not shown). Analysis of TCR V␤ expression by five clones demonstrated a diverse repertoire with the expression V␤6, V␤14, and an unidentified TCR V␤, showing that they were not sister clones (data not shown), although there was possibly an over-representation of V␤6-bearing clones. Whereas the encephalitogenic PLP-(139-151) peptide induces Th1 (IFN-␥, tumor necrosis factor ␣) cells, our data demonstrate that immunization with the TCR antagonist peptide L144͞R147 can induce crossreactive T cells which are of a Th2͞Th0 phenotype and that lines derived from immunization with L144͞R147 can regulate tissue destruction within the central nervous system and prevent clinical paralysis.
The altered peptide L144͞R147 was originally designed as a TCR antagonist and was effective in blocking the activation of Th1 clones specific for PLP-(139-151) in vitro, in spite of the diversity of TCR ␣␤ chains utilized by the clones. This broad inhibitory capacity could be rationalized on the basis of the finding that all T cell clones analyzed recognized the peptide͞ MHC in very similar ways and, crucially, all utilized the same primary TCR contact residue (W144). The L144͞R147 peptide was also found to be an effective inhibitor of EAE in vivo when given either at the time of immunization or at the onset of clinical disease (17) . However, the mechanisms by which a TCR antagonist peptide mediates protection against autopathogenic T cell responses in vivo have not been determined (17, 26, 27) . Our results illustrate the complexity of the mechanisms underlying this phenomenon. Direct antagonism of PLP-(139-151)-specific T cells probably accounts for some of the ability of L144͞R147 to ameliorate EAE when given at the onset of disease (17) , but as the data presented here indicate, immunization with L144͞R147 in CFA can also induce regulatory T cells of a Th2͞Th0 phenotype which transfer protection even to unrelated myelin antigens (MBP and MOG). It has previously been demonstrated that suppressor cells may have a mixed cytokine phenotype, producing both Th1 and Th2 cytokines. Whereas Th1 cytokines can inhibit Th2 cells and Th2 cytokines can antagonize Th1 cells, a cell producing both Th1 and Th2 cytokines is capable of inhibiting both Th1 and Th2 cells by the virtue of cytokines it produces (28) . It is interesting to speculate that in infection with human immunodeficiency and hepatitis B viruses, which elaborate variant antagonistic epitopes (29, 30) , this mechanism may contribute to chronic infection both by antagonizing virusspecific T cells and also by causing immune deviation toward a Th2 phenotype which will further inhibit the generation of protective Th1 cells. Using another peptide analog of PLP-(139-151), Q144, which protects SJL mice from EAE and is not a TCR antagonist, we have shown that protection is in this T cell clones were activated with L 144͞R147, PLP-(139-151) (20 g͞ml) or a control antigen (data not shown), and the proliferation and cytokine production were measured. Results are presented as the cpm and cytokine production after background values were subtracted.
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Proc. Natl. Acad. Sci. USA 94 (1997) case due to immune deviation (20) . Other studies have suggested that administration of altered peptides results in a decrease in the proinflammatory cytokines tumor necrosis factor ␣ and IFN-␥ and an efflux of inflammatory cells from brain lesions (31) . Similar observations have been reported in an experimental model using altered peptides derived from human collagen IV (32) . However, the present study brings together two important concepts: (i) The TCR antagonist peptides do not prevent autoimmunity solely by antagonism in vivo, but induce regulatory T cells.
(ii) The regulatory T cells mediate bystander suppression and inhibit autoimmunity initiated by T cells specific for a number of autoantigens present in the target organ. The mechanism by which altered peptides induce T cells that regulate immune responses is unknown. It is noteworthy that a predominantly Th0͞Th2 response develops even after immunization with TCR antagonist peptide emulsified in CFA, which is known to strongly favor the development of a Th1 response (33) . One possibility is that altered peptide ligands engage the TCRs of naive Thp cells, which would go on to be PLP-(139-151) specific, with a lower avidity that is sufficient to alter their differentiation to a Th2͞Th0 pathway as has been described in TCR transgenic systems (34, 35) . If this were the case then one would predict that the TCR specificity of the clones for PLP-(139-151) and L144͞R147 peptide analog would be unchanged, and we find that this is not the case (M. Prabhu Das, L.B.N., and V.K.K., unpublished results). It therefore seems likely that immunization with the L144͞R147 altered peptide recruits a different population of cells and that these cells are also of a different phenotype. If differences in TCR͞MHC͞peptide avidity are responsible for the differences in phenotype at the population level, then this predicts that the average avidity of the population of T cells which recognizes PLP-(139-151) is different from the average avidity of the population which recognizes the altered peptide. These differences could arise because the repertoire of T cells in the periphery available to respond to PLP-(139-151) is affected by mechanisms of central and peripheral tolerance to a greater extent than the repertoire of cells available to respond to altered self peptides. Another possibility is that L144͞R147 selectively antagonizes encephalitogenic Th1 precursors but expands regulatory T cells directly by acting as an agonist for them. This model is consistent with the differences we have observed between encephalitogenic Th1 and regulatory T cells (M. Prabhu Das, L.B.N., and V.K.K., unpublished results).
The demonstration that bystander suppression induced with a peptide antagonist is effective in ameliorating disease caused by structurally unrelated myelin antigens argues for its therapeutic importance. Clearly, if protective immunization can be established with a single TCR antagonist peptide which itself is nonpathogenic, antagonizes specific pathogenic Th1 cells, and induces regulatory T cells, it may provide a desirable therapeutic option for use in the treatment of many autoimmune diseases.
